Context: Understanding the biological rhythms and stress response in sick newborns is important to minimize the negative effects of intensive care. Salivary cortisol has been used as a noninvasive surrogate marker of adrenal function; however, understanding of its control variables is insufficient.
I
ncreasing evidence supports the theory that an unfavorable early-life environment and stressful procedures associated with intensive care shortly after birth may impair the development of higher cognitive function and increase the risk for adult diseases (1) (2) (3) . Subsequently, several studies are focusing on the adrenal response to stress and acquisition of physiologic rhythms in newborn infants who experienced intensive care (4, 5) .
suggested that an adult-type diurnal cortisol rhythm becomes evident only after 2 to 3 months since birth (14) (15) (16) (17) (18) (19) . However, more recent studies, which carefully accounted for confounders during the perinatal period, have highlighted the potential dependence of cortisol levels on clock time and painful procedures even shortly after birth (10) (11) (12) (18) (19) (20) (21) . In adults, in addition to cortisol response to awakening and stress, the presence of mealinduced cortisol responses has been recognized (22, 23) . In newborn infants, an adrenal response to feeding has not been confirmed. If cortisol levels change in response to feeding, the timing of saliva sampling relative to the feeding cycle needs to be considered. Furthermore, given that extrinsic cycles of feeding and diaper changes are some of the earliest periodic stimuli of newborn infants during the process of ultradian rhythm acquisition, changes in the feeding cycle may alter the acquisition of biological rhythms brought about by the cortisol response to feeding.
This study investigated the presence of a feedinginduced cortisol response and its control variables in generally stable preterm and term newborn infants hospitalized at a neonatal intensive care unit.
Materials and Methods

Ethics approval and consent
The Ethics Committee of Kurume University School of Medicine in Fukuoka, Japan, approved the protocol of this prospective observational study. A parent of each neonate provided written informed consent.
Study population
This study, which was conducted as part of a project, investigated independent variables of salivary cortisol levels in newborn infants at a tertiary neonatal intensive care unit (Kurume University Hospital). Protocols and descriptive findings from the preliminary analysis have been reported previously (12) . Briefly, between January 2013 and June 2014, 58 newborn infants, who were (i) between 30 and 40 weeks' corrected age, (ii) cared for within a closed incubator, (iii) on 3-hourly regular oral or enteral feeding of fixed milk volumes, (iv) not on invasive mechanical ventilation and continuous intravenous infusion, (v) not on phototherapy within 24 hours of the study, and (vi) not on glucocorticoid replacement within 1 week of the study were recruited and studied 65 times (for seven infants, data collection was repeated up to two times with a minimum interval of 7 days). For the current analysis, infants with daily feeding volume of ,120 mL/kg/d were excluded to improve understanding of the influence of feeding on cortisol levels.
Routine care and environment
Our unit provides cycled lighting, which aims at 100 to 200 lux between 7:00 and 19:00 hours and 10 to 30 lux between 19:00 and 7:00 hours. Incubators are covered with a quilt throughout the day. Oral feeding is commenced for infants at $35 weeks' corrected age, without overt problems in breathing, sucking, and swallowing. Oral feeding is stopped upon suspicion of aspiration, apnea, or other serious problems. For safety reasons, the duration of oral feeding is basically limited to 20 minutes at a time, which is followed by enteral feeding of the remaining milk.
Sample collection and assay
Saliva samples were obtained before and 1 hour after regular feeding at 10:00 and 19:00 hours by using an absorbent swab (SalivaBio; Salimetrics LLC, State College, PA). The swab was centrifuged at 3000 rpm and was preserved at 280°C until assay. Salivary cortisol levels were determined by using an enzyme immunoassay (high-sensitivity salivary cortisol ELISA kit; Salimetrics LLC). The limit of detection of this assay in our laboratory was 0.19 nmol/L, and the intra-and interassay coefficients of variation were 5.43% and 6.41%, respectively. One-day saliva collection was repeated up to twice for each patient, with an interval of at least 7 days.
Clinical background variables
The following clinical data were collected from patient records: (i) before delivery (antenatal glucocorticoid, chorioamnionitis, pregnancy-induced hypertension, multiple births, intravenous tocolysis, maternal hospital stay before delivery, and delivery mode), (ii) after birth (gestational age, sex, Apgar scores, intrauterine growth restriction, need for mechanical ventilation, and postnatal glucocorticoid), and (iii) at the time of the study (postnatal age, requirement of noninvasive positivepressure ventilation, formula or breast milk, daily feeding volume (, or $ 150 mL/kg/d), feeding mode (full/partial oral feeding or exclusive enteral feeding), feeding duration [prolonged ($30 minutes) or brief (,30 minutes)], desaturation and/or apnea during feeding, and the presence of invasive blood sampling in the morning of the study.
Data analysis
Numeric variables were presented as mean (SD), unless otherwise specified. Salivary cortisol values were normalized by transforming data into natural logarithms. Variables were dichotomized by using clinically relevant thresholds. The main effect of gestational age, corrected age, requirement for antenatal and postnatal glucocorticoid replacement therapy, feeding, type of milk, feeding mode, feeding duration, and daily feeding volume on cortisol levels before and after feeding was assessed by using generalized estimating equations, which accounted for patient identification, study day, timing to feeding, and clock time at saliva collection (SPSS software, version 24; IBM, Armonk, NY). Because of the known dependence of cortisol levels on postnatal age, findings were presented with adjustment for postnatal age. The potential dependence of feeding-induced cortisol elevation on clinical variables was also assessed by using generalized estimating equations, followed by a post hoc simple effects test. Statistical analysis was performed based on a priori hypothesis by using a limited number of independent variables. Hence, statistical findings were not corrected for multiple comparisons.
Results
Study population
Data from 11 infants (12 studies) were excluded from the analysis because of insufficient oral/enteral feeding (eight infants), inadequate saliva volume (two infants), and a subsequent diagnosis of a major chromosomal aberration (one infant). Saliva collection was performed twice in six infants at an interval of 10.3 (SD, 2.2) days. Subsequently, a total of 212 samples obtained from 47 newborn infants and 53 studies were assessed (cumulative number of studies presented thereafter). These infants were hospitalized because of low birth weight (n = 35), very low birth weight (n = 12), extremely low birth weight (n = 4), or preterm birth (n = 2) and were 31.7 to 39.6 weeks' corrected age and 4 to 90 days old on the day of saliva collection (Table 1) . Antenatal (n = 24) and postnatal (n = 4) glucocorticoids were administered on 41.2 (SD, 23.0) and 55.3 (SD, 27.0) days before the sample collection, respectively. Sixteen infants were on exclusive oral feeding, and 18 infants were on exclusive enteral feeding (19 infants required enteral feeding following oral feeding).
Main effect of feeding on cortisol levels
Saliva samples collected after feeding (P , 0.001), gestational age $34 weeks (P = 0.026), corrected age $37 weeks (P = 0.008), postnatal glucocorticoid replacement (P = 0.039), and formula-dominant feeding (P = 0.032) were associated with higher cortisol levels. When adjusted for postnatal age, only saliva samples collected after feeding and corrected age $37 weeks were recognized as independent variables of higher cortisol levels (both P , 0.001) ( Fig. 1; Table 2 ).
Control variables of feeding-induced cortisol response
Oral feeding was associated with a greater cortisol response compared with exclusive enteral feeding (P = 0.034), whereas prolonged feeding was associated with a reduced cortisol response compared with brief feeding (P , 0.001) ( Fig. 1; Table 2 ). Gestational age, corrected age, antenatal and postnatal glucocorticoids, type of milk, and daily feeding volume had no effect on the cortisol response to feeding.
Discussion
Our data suggest the presence of feeding-induced cortisol response even in newborn infants. The cortisol response was observed regardless of the type and mode of feeding, and the response was more prominent following oral feeding and was reduced with prolonged feeding.
In adults, the presence of adrenal circadian rhythms and cortisol awakening response has been well recognized. In addition, the presence of meal-induced cortisol response has been reported since the 1970s (22, 23) , which has been explained by various reactions triggered by food intake (24) (25) (26) (27) . However, the exact mechanism regarding how food intake induces adrenal activation remains unknown. Interestingly, a study that used modern assessment tools in large adult animals failed to demonstrate cortisol response to feeding (28) . Considering the relatively small population sizes of the aforementioned clinical studies, which support the presence of meal-induced cortisol response in adults, this phenomenon needs to be confirmed in a large population by using reliable techniques.
Unlike in adults, the adrenal function of newborn infants in relation to the diurnal cycle and stress has mostly been uncovered. However, recent studies suggested the possibility that the adrenal activity in newborn infants is associated with a range of intrinsic and environmental variables, such as diurnal cycle, clock time of birth, and painful blood sampling (10-12, 14, 20, 21) . Building on these findings, our current study confirmed the presence of feeding-induced cortisol response in newborn infants. Previous studies suggested the influence of breastfeeding on cortisol levels in infants at various time points after birth (29) (30) (31) . Although our study observed lower cortisol levels in relation to breast milk feeding, this trend was not observed when corrected for postnatal age, suggesting that older postnatal age, but not breast milk, was associated with lower cortisol levels in infants.
In our study, the mode and duration of feeding, but not the type and amount of feeding, were associated with the level of adrenal response to feeding. Higher adrenal response following oral feeding could be associated with sympathetic stimulation related to sucking and swallowing; nonnutritional sucking is known to increase heart rate and its variability and to reduce the incidence Values are shown as the cumulative number or mean (range).
of sudden infant death syndrome (32) (33) (34) (35) . With regard to feeding duration, prolonged feeding was associated with a less prominent adrenal response compared with brief feeding. Given that 71% of infants with prolonged feeding duration were on exclusive enteral feeding (as opposed to 21% of those with oral feeding), slow enteral feeding might not be sufficient to stimulate any increased cortisol secretion from the adrenal cortex. Several limitations need to be addressed. First, our findings are based on observational data; therefore, identifying the influence of each independent variable on cortisol levels was impossible, even with the use of multivariate models. Second, the findings from our study population do not represent the physiologic response of normal newborn infants. However, reassessment in healthy newborn infants, such as comparisons between oral and tube feeding, would be ethically impossible. Third, our findings are based on salivary cortisol levels, not plasma/serum cortisol levels. Nevertheless, our previous study suggested that salivary cortisol levels are a reliable surrogate marker for plasma cortisol even in newborn infants. Unlike cortisol assays used in previous studies, which had a relatively high cross-reactivity with cortisol analogs, the assay used in our study has a high specificity to cortisol, with a cross-reactivity to cortisone and dehydroepiandrosterone of ,0.5%.
In conclusion, an adrenal response to feeding was observed in newborn infants, regardless of the type and mode of feeding. Feeding-induced cortisol responses were greater with oral feeding and reduced with prolonged feeding duration. The timing of saliva sampling in newborn infants needs careful consideration to minimize the influence of feeding-induced cortisol elevation. Oral feeding was associated with a greater feeding-induced cortisol response than exclusive enteral feeding, whereas prolonged feeding was associated with a reduced cortisol response compared with brief feeding. Cortisol levels are shown as natural logarithm (ln) transformed means and standard deviations. P values are from the simple effect test.
Considering the influence of early environmental factors on the hypothalamus-pituitary-adrenal axis regulation and subsequent development of adult diseases, further studies may address whether feeding-induced changes in adrenal activity (and its potential acceleration via aggressive oral feeding) are beneficial in the early maturation of hypothalamic pituitary adrenal regulation and the prevention of later health problems. 
